We demonstrate silicon photonic orbital angular momentum multiplexing devices based on mulitmode microring resonator. Up to four optical beams carrying different orbital angular momentum states can be selectively excited from different input ports.
Introduction
Orbital angular momentum (OAM) multiplexing is a promising technology to expand the transmission capacity of either free space optical communication or fiber communication [1, 2] . Previously, we have demonstrated a compact silicon photonic OAM emitter capable of generating single but arbitrary OAM states. The operation principle of the device is based on the coupling of whispering gallery modes (WGMs) in a micro-ring resonator to OAM modes through an angular grating embedded within the micro-resonator. This device is capable of generating any OAM states by simply changing the input wavelength. However, this wavelength dependent approach made it difficult to achieve OAM multiplexing, which is of vital importance for the application of OAM-based optical communications Here, based on our previous work [3] , we demonstrate integrated OAM multiplexer on 220nm silicon-on-insulator material. As shown in Fig. 1 , the device consist of a multi-transverse mode microring resonator with angular grating embedded in the innerwall, and two bus waveguides (I and II) with different width. The ring resonator waveguide supports two transverse electric modes, TE0 and TE1. The widths of the resonator waveguide and the two input waveguide are engineered in such a way that bus waveguide I and II selectively excite TE0 and TE1 WGMs in the resonator waveguide at a wavelength near 1550nm. The excited TE0 and TE1 WGMs are then coupled to different OAM mode by the angular grating with mode order l=p-q (p is the WGM optical periods and q is the number of grating elements). This approach allows combining or multiplexing up to four OAM modes because each input waveguide has two ports, and both clockwise and counter clockwise WGM can be excited. 
Design and Fabrication
The radius of the resonator is 10μm, and the width of the resonator waveguide is set to 1μm. The bus waveguides are designed to be bent waveguide concentric to the ring resonator. We fixed the gap between the bus and the resonator waveguide to be 150nm, and then optimized the width of the individual bus waveguide to be phase matched to the target TE0 and TE1 WGMs (see Fig.1b ). When the bus waveguide width corresponds to 560 nm or 430 nm, the propagation constants of TE0 or TE1 respectively match the propagation constant of TE0 mode of the bus waveguide I and II.
We fabricated the switch on silicon-on-insulator (SOI) for high-confinement and compact structures. First, the 220-nm thick waveguides were patterned using electron beam lithography and etched through. The devices were then clad with SiO2. Fig. 1(b) shows the emitted spectrum of the device with input power from bus waveguide I and II. Two sets of spectra are measured with different free spectral range (FSR) due to different effective index of TE0 and TE1 WGMs, which suggested the cross talk is low. As shown in Fig.1b , both TE0 and TE1 WGMs are resonant at 1592.7nm, which is the wavelength of achieving OAM multiplexing.
Experimental Characterization
Following the procedure described in Ref. [3] , we did interference experiment to measure the OAM mode order from the four input ports (CH1, CH2, CH3 and CH4) from two bus waveguides, and the results is summarized in Fig. 2 (b) . Due to the vector nature of the the state of polarization of the generated beam, the beam from each port is associated with two sets of interference pattern with right-hand circularly polarized (RHCP) and left-hand circularly polarized (LHCP) reference beams. These results confirm that at wavelength of 1592.7nm, this device is capable of multiplexing OAM value of l= -2, l= +2, l= -13 and l= +13. We further measured the cross talk (defined as the ratio of desired generated OAM mode power to the overall power) from each channel, and the worst case cross talk is 13dB.
Conclusion
We have experimentally demonstrated silicon photonic orbital angular momentum multiplexing devices based on mulitmode microring resonator. Up to four optical beams carrying different orbital angular momentum states can be selectively excited from different input ports. The device can be further integrated with micro-heaters to make it work at different wavelength [5] . More channels are possible with larger ring resonator supporting more modes.
